Introduction
In patients with dermatomyositis (DM) the earliest lesion is microvasculopathy mediated by deposition of C5b-C9 membranolytic attack complex (MAC) on intramuscular capillaries. This leads sequentially to muscle ischemia, necrosis of muscle fibers, and muscle weakness. High-dose intravenous immunoglobulin (IVIG), which can modulate complement-dependent tissue damage in animal models, has been shown to be effective in the treatment of patients with DM. We used an in vitro C3 uptake assay to examine 55 coded sera from 13 patients with DM and 5 patients with other non-complement-mediated neuromuscular diseases, before and after treatment with IVIG or placebo. Patients with active DM had a significantly higher baseline C3 uptake compared with the others (geometric mean 12, 190 vs 3,090 cpm). Post-IVIG but not post-placebo sera inhibited the C3 uptake, without depleting the complement components, by 70.6-93.4%. The maximum inhibition of C3 uptake occurred within hours after IVIG infusion, started to rebound 2 d later, and reached pretreatment levels after 30 d. The serum levels of SC5b-9 complex production were high at baseline but normalized after IVIG therapy. Repeat biopsies from muscles of improved patients showed disappearance of C3b NEO and MAC deposits from the endomysial capillaries and restoration of the capillary network. We conclude that IVIG exerts its beneficial clinical effect by intercepting the assembly and deposition of MAC on the endomysial capillaries through the formation of complexes between the infused immunoglobulins and C3b, thereby preventing the incorporation of activated C3 molecules into C5 convertase. These findings provide the first serological and in situ evidence that IVIG modulates complement attack in a human disease. (J. Clin. Invest. 1994 . 94:1729-1735.) Key words: complement membrane attack complex * complement C3b * immunomodulation * immunoglobulin therapy -autoimmune diseases ositis are three distinct subgroups of acquired muscle diseases collectively called inflammatory myopathies because endomysial inflammation is a common histological characteristic in all three conditions. DM differs from the other two entities not only clinically because of the characteristic rash that accompanies or often precedes the muscle weakness ( 1), but also immunopathologically on the basis of a complement-mediated endomysial microangiopathy which is characteristic for the disease (2-5). Membrane attack complex (MAC), consisting of activated complement components C5b-C9, is deposited on intramuscular capillaries early in the disease and leads sequentially to destruction of endothelial cells, microinfarcts within the muscle fascicles, muscle ischemia, inflammation, and ultimately perifascicular atrophy (1, 4, 5) . Circulating antibodies to endothelial cells have been described in DM patients, but their cytotoxic effect on endothelial cells has not been demonstrated (6, 7) .
Because of these immune mechanisms, DM is treated with various immunosuppressive agents. One of the new approaches in the treatment of patients with DM unresponsive to conventional therapies has been with high-dose intravenous immunoglobulin (IVIG). IVIG was found to be very effective in DM patients in one controlled (8) and two uncontrolled (9, 10) studies. However, its mechanism of action remains unclear.
In an in vitro model called Forssman shock, IVIG has been effective in preventing the complement-mediated immune damage to the pulmonary microvasculature (11) . Anti-Forssman antibodies bind to the Forssman antigen present on the endothelial cells and perivascular tissue and trigger the activation of complement through the classical complement pathway (12) . IVIG prevents Forssman shock by modulating the complementdependent immunopathology through diverting activated C3 and C4 fragments from the targets cells (11) .
The immunopathological similarities between Forssman shock in guinea pigs and DM in humans (both complementmediated microangiopathies that respond to IVIG) prompted us to examine whether the beneficial effect of IVIG in DM patients is also exerted via the same mechanism as in Forssman shock, namely through interference with the complement system. We demonstrate that the sera of DM patients treated with IVIG exhibit marked inhibition of C3 uptake resulting in inhibition of the C3b deposition on the endomysial capillaries and formation of MAC.
Methods
Patients and treatment. We studied 13 adult patients with DM who had failed to respond to previous treatments with prednisone, methotrexate, or cyclophosphamide in a double-blind placebo-controlled crossover design. All patients had significant proximal muscle weakness rated 3- Patients' sera. A total of 55 coded serum samples from the following patients and controls were examined: patients with DM, before and after treatment with IVIG (13 patients) or placebo (5 patients); patients with other neuromuscular diseases, such as amyotrophic lateral sclerosis, demyelinating polyneuropathies, or polymyositis before and after WIG therapy (5 patients); and 5 normal controls. The readings in an in vitro C3 uptake assay described later were obtained without prior knowledge of whether a sample was from a treated patient, a control, or whether the patient had received IVIG or placebo.
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Antibodies. Monoclonal antibody against C3b NEO human antigen was purchased from Quidel (San Diego, CA). Rabbit anti-human erythrocyte IgG was obtained from Cappel Laboratories (West Chester, PA). Anti-human C3 IgG polyclonal antibody was obtained by immunizing a goat with purified human C3. IgG fractionation was performed by octanoic acid precipitation (13) . Anti-MAC monoclonal antibody was a kind gift of Dr. Michaels (University of Minnesota, Minneapolis, MN).
Buffers. Isotonic Veronal-buffered saline containing 0.1% gelatin, 0.15 mmol/liter Ca2", and 1 mmol/liter Mg2" (GVBS2"), isotonic Veronal-buffered saline containing 0.1% gelatin, and 10 mmol/liter EDTA buffer were prepared as described previously (14) . Isotonic (8) . The muscle biopsy specimens were processed simultaneously for immunocytochemistry as described (8, 15) . Briefly, three 4-jsm serial sections of fresh-frozen muscle biopsies were fixed in acetone for 5 min at 4°C, rinsed in 0.05 M Tris-buffered saline (pH 7.6) for 15 min, and incubated for 30 min with a blocking solution containing 1% bovine serum albumin, 10% normal human serum, and 3% normal horse serum. The sections were incubated with the primary mouse monoclonal antibody anti-MAC at 1:40 dilution or anti-C3b NEO at 1:60 dilution. To determine if the MAC was on the muscle fibers or the capillaries, the same sections were subjected to dual immunostaining with anti-MAC followed by FITC anti-mouse IgG, and with a capillary marker, the biotinylated lectin Ulex Europeus (Vector Labs, Inc., Burlingame, CA) followed by avidin-rhodamine, in single and double exposure settings, as described (1, 3) . The C3b NEO deposition was identified by single staining procedure using biotinylated secondary antibody and avidin-biotin-peroxidase complex (Vector Labs, Inc.). Antigen-antibody reaction was visualized by incubating the tissue sections with 0.05% (wt/vol) 3,3-diaminobenzidine.
Statistical analysis. Analysis of variance was performed by use of PROC GLM procedure of the computer software SAS/STAT (SAS Institute, Cary, NC). Log normal distribution was tested by ShapiroWilk test (16) .
Results
In vitro C3 uptake by sera of patients with DM and controls. To determine the effect of IVIG therapy on the ability of the patients' sera to deposit activated C3 fragments onto sensitized human erythrocytes, serum samples (collected from each patient before administration of IVIG therapy and 2 d after completion of the first dose) were screened in the in vitro C3 uptake assays. After IVIG therapy, C3 uptake (expressed as log mean of triplicate measurements of counts per minute) was decreased to a highly significant degree in patients with active DM com- Analysis of variance between baseline C3 uptake in patients with active progressive disease and pooled baseline data from patients with chronic DM, other neurological diseases, and normals showed significantly higher uptake in the active DM (t = 2.28, 18 df, P < 0.05). Pooling of groups for statistical analysis was justifiable because of the intergroup homogeneity, i.e., no significant difference between their mean logs (Table  II) . Pooling was necessary because of the small numbers in control groups. All patient and control groups fit the log normal distribution as determined by Shapiro-Wilk test ( 16) (not shown).
Detection of SC5b-9 in patients sera. The presence of the SC5b-9 complex in sera of nine DM patients and five normal controls was studied quantitatively using a commercially available ELISA assay (Quidel). High levels of SC5b-9 were detected in the serum of DM patients before IVIG therapy, ranging from 250 to 640 ng/ml, compared with 115-190 ng/ml of the normal controls. In post-IVIG samples, the amount of SC5b-9 was suppressed to nearly normal level, with values ranging from 140 to 225 ng/ml.
C3 uptake in serum samples before IVIG and at various times after therapy. C3 uptake was measured in the serum of four patients with active DM sequentially, before IVIG infusion, 2 d after completion of IVIG therapy, and 30 d later (before the next monthly IVIG infusion). C3 uptake was inhibited to almost background values 2 d after IVIG (Fig. 1 A) . 30 d later the C3 uptake returned to baseline in one patient and rebounded by 40-90% in the other three (Fig. 1 A) .
In a subsequent patient, the kinetics of C3 uptake inhibition were examined closely, using more time points. The C3 uptake was inhibited to the background level 2 h after IVIG infusion and remained at that level for 2 d (Fig. 1 B, inset) . After the second day post-IVIG, the C3 uptake started to increase slowly, reaching baseline value by day 30 (Fig. 1 B) .
Immunohistochemical staining for C3b NEO antigen in biopsy specimens before and after IVIG therapy. To determine if the effect on C3 uptake can be correlated with in situ events related to C3 deposition into immune complexes on capillaries at sites of muscle damage, we immunostained muscle biopsy specimens with the monoclonal antibody against a new epitope (neoantigen) of C3b that gets exposed upon the incorporation of C3b into an immune complex; C3b NEO antigen is therefore immune complex-specific for this activated C3 fragment (17) . Before IVIG infusion, the C3b NEO antigen was detected on up to 10% of the muscle capillaries and on occasional (1-5) muscle fibers per field (at a magnification of 25) (Fig. 2 A) . After IVIG therapy, no C3b deposits were detected (Fig. 2 B) . Furthermore, there was a significant histological improvement after IVIG with increase in the size of the muscle fibers, especially at the periphery of the fascicle (Fig. 2 B) , as described previously (8) .
The effect ofIVIG therapy on the deposition ofMAC of the complement cascade in muscle capillaries. The formation of MAC is the function of C5 convertase formation for which incorporation of C3b is essential; any change in C3b uptake affects the MAC formation exponentially ( 18) . For this reason, we examined the deposition of MAC in muscle fiber capillaries before and after IVIG therapy. Staining for MAC (Fig. 3 A) and endothelial cells (Fig. 3 B) before the institution of IVIG therapy showed by dual exposure (Fig. 3 C) that MAC complexes were on the endothelial cells and muscle fibers. After high dose IVIG, no MAC deposits were detected (Fig. 3 D) .
Degree of clinical improvement in patients with high C3 uptake inhibition. As reported previously (8) , when the total MRC and the total neuromuscular symptom score increased by five or more grades each, the patients had a major improvement. All the patients with active DM, whose sera showed the highest C3 uptake inhibition, had major clinical improvement. Their mean MRC score increased from 74.5 ±5.9 at baseline to 84.7±4.5 (P < 0.018), and the mean neuromuscular symptom score increased from 38.6±5.9 to 51.0±8.0 (P < 0.035) (8) . In contrast, the C3 uptake inhibition and the neuromuscular symptom score remained unchanged in the patients who received placebo.
Discussion
IVIG has been found to be effective in a variety of autoimmune cytopenias (19-21) and other immune-mediated disorders (22, 23 (27, 28) ; (e) the presence of soluble CD4, CD8, and HLA that modify antigen recognition by target cells (29); and (f ) interference with the complement system. The last theory was based on two in vivo models of complement-mediated immune damage (8, 30) and several in vitro complement-uptake assays (31, 32) . These studies have shown that IVIG can effectively modulate the com- Figure 3 . Transverse section of a fresh-frozen muscle biopsy specimen from a patient with DM before and after IVIG. Cross-sections of freshfrozen muscle biopsy specimens from a patient with DM dually immunostained with antibodies to the C5b-9 MAC and fluorescein isothiocyanateconjugated anti-mouse IgG, which highlights the complement deposits with a green fluorescence (A), and with biotinylated Ulex Europeus and avidin-rhodamine, which highlights the endomysial capillaries with a red fluorescence (B). The double exposure of A and B produces an orange color (C) from superimposition of the green fluorescence from the MAC deposits and the red fluorescence on the capillary wall. Before IVIG therapy, MAC deposits are present not only on the capillaries (orange color in C) but also on some perifascicular muscle fibers (green color in A and C). After WIG therapy, the repeat specimen dually immunostained for MAC and Ulex (D) shows absence of MAC deposits (no green fluorescence visualized) from both the capillaries and the muscle fibers, in a randomly selected perifascicular region (periphery of the fascicle is at the lower right). Note the increase in the number of capillaries (D) and the decrease in their diameter compared with the pretreatment specimen (B). X250. (8) .
The beneficial effect of IVIG via the complement pathway is supported by the reversal of the inhibition of C3 uptake in the sera of DM patients 30 d after IVIG therapy, consistent with the half-life of the infused IgG, and by the lack of effect of the placebo-treated sera in the C3 uptake. Therapy itself did not cause a decrease in function or availability of complement components, since C3 antigen and CH50 values remained within the normal range in both pre-and post-IVIG samples. By using coded sera, the interpretation and documentation of C3 uptake in the sera subjected to analysis were unbiased. Although the effect of IVIG on C4 uptake was not studied, our previous studies have shown that IVIG inhibits the C4 uptake to the same degree as C3 (31) .
The finding of high baseline (pre-IVIG) C3 uptake values in patients with the most active form of DM supports the complement-mediated mechanism of the disease. This is further strengthened by correlation of disease activity with the activation of complement and generation of active fragments of early complement components (C3b, C4b). The increased C3 uptake in active phase of DM, but not in the chronic form or the controls, suggests that the high rate of complement activation may be responsible for the formation of a large number of activated early components. Whether C3 uptake is also increased in other complement-mediated neuromuscular diseases, such as Guillain-Barre syndrome (33) or myasthenia gravis where IVIG is also effective (23, 34) , is not known.
Our results may provide an explanation for the mechanism of therapeutic effect of IVIG in other conditions in which complement-mediated tissue injury plays a role in their cause.
